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Summary
Prolyl-tRNA synthetases (ProRSs) are unique among
synthetases in that they have diverse architectures,
notably the variable presence of a cis-editing domain
homologous to the freestanding deacylase proteins
YbaK and ProX. Here, we describe crystal structures
of two bacterial ProRSs from the pathogen Enterococ-
cus faecalis, which possesses an editing domain, and
from Rhodopseudomonas palustris, which does not.
We compare the overall structure and binding mode
of ATP and prolyl-adenylate with those of the
archael/eukaryote-type ProRS from Thermus thermo-
philus. Although structurally more homologous to
YbaK, which preferentially hydrolyzes Cys-tRNAPro,
the editing domain of E. faecalis ProRS possesses
key elements similar to ProX, with which it shares
the activity of hydrolyzing Ala-tRNAPro. The structures
give insight into the complex evolution of ProRSs, the
mechanism of editing, and structural differences be-
tween prokaryotic- and eukaryotic-type ProRSs that
can be exploited for antibiotic design.
Introduction
Aminoacyl-tRNA synthetases (aaRSs) catalyze the ami-
noacylation of their cognate tRNAs through a two-step
mechanism involving activation of the amino acid by
ATP to yield the aminoacyl-adenylate, followed by trans-
fer to the 30 terminal adenosine of the tRNA molecule.
Analysis of primary sequences as well as the determina-
tion of three-dimensional structures has allowed the par-
tition of aaRSs into two evolutionarily distinct classes,
each characterized by a class-defining catalytic domain
containing short conserved sequence motifs (Cusack
et al., 1990; Eriani et al., 1990). The active site of class I
enzymes is built around a Rossmann fold harboring the
two signature sequences, HIGH and KMSKS, while the
catalytic center of class II enzymes is built around an an-
tiparallelb sheet and is characterized by three conserved
motifs (motifs 1, 2, and 3). Within each class, aaRSs
can be subdivided into subclasses that usually share a
common anticodon-binding module (Cusack, 1995).
*Correspondence: cusack@embl-grenoble.fr
3 These authors contributed equally to this work.The accuracy of the aminoacylation reaction is essen-
tial to insure the fidelity of protein synthesis. However,
where amino acids differ by, for instance, only a methyl
group, aaRSs are unable to achieve sufficient discrimi-
nation for accurate protein synthesis due to misactiva-
tion and/or mischarging of the similar noncognate amino
acid. Several aaRSs have therefore evolved editing or
proofreading activities to correct such errors (Jakubow-
ski, 2004). In pretransfer editing, the noncognate amino-
acyl-adenylate intermediate is hydrolyzed prior to trans-
fer, whereas in posttransfer editing, the noncognate
aminoacyl-tRNA is hydrolyzed. Pretransfer editing may
be tRNA dependent or independent and may occur via
the synthetic active site (e.g., as shown in recent studies
of GlnRS [Gruic-Sovulj et al., 2005] and ProRS [Hati et al.,
2006]) or a distinct editing site, as proposed for the class
Ia enzymes such as IleRS (Nordin and Schimmel, 2005)
(although in this case the mechanism of translocation
of the noncognate adenylate between sites remains
obscure). In contrast, posttransfer editing exclusively
depends on an additional ‘‘editing’’ domain that can spe-
cifically deacylate mischarged tRNAs while leaving cog-
nate aminoacyl-tRNA untouched. Extensive biochemi-
cal and structural studies are now available on seven
aaRSs that possess an additional editing domain. These
include three class Ia aaRSs, IleRS (Fukunaga and
Yokoyama, 2006; Nordin and Schimmel, 2005; Silvian
et al., 1999), LeuRS (Lincecum et al., 2003; Tukalo
et al., 2005), and ValRS (Fukai et al., 2000), and four class
IIa systems, ProRS (Beuning and Musier-Forsyth, 2000),
ThrRS (Dock-Bregeon et al., 2000, 2004; Dwivedi et al.,
2005), AlaRS (Beebe et al., 2003; Sokabe et al., 2005;
Swairjo and Schimmel, 2005), and PheRS (Kotik-Kogan
et al., 2005; Roy et al., 2004). These studies show that
in both synthetase classes posttransfer editing occurs
as a result of a conformational change in the 30 end of
the tRNA that allows translocation of the aminoacyl
moiety of the tRNA from the synthetic to the editing
active sites, which are typically separated by about 35
A˚. Furthermore, in most cases, the structural basis of
amino acid discrimination in the editing site and a mech-
anism of hydrolysis have been proposed. Here, we focus
on the prolyl system, where less structural information
is available on the editing mechanism.
Primary sequence alignments and phylogenetic anal-
ysis initially revealed the existence of two diverged
forms of prolyl-tRNA synthetase (ProRS): an eukary-
ote/archae-type and a prokaryote-type (Yaremchuk
et al., 2000; Woese et al., 2000; Beuning and Musier-
Forsyth, 2001; Musier-Forsyth et al., 2004). The main dif-
ference between these forms is the presence, only in eu-
karyote/archae-like ProRSs, of a C-terminal zinc domain
appended to the class IIa anticodon binding domain,
and, only in prokaryote-like ProRSs, of a large insertion
domain (INS) of about 180 residues inserted between
motifs 2 and 3 of the catalytic domain. In addition, diver-
gent sequence motifs of the catalytic domain are suffi-
cient to distinguish between the two main types (Yarem-
chuk et al., 2000). Subsequently, systematic genome
sequencing has necessitated a modification of this
Structure
1512Figure 1. Varied Architecture of Prolyl-tRNA
Synthetases
(A) Schematic diagram of ProRS architec-
tures. To reflect systematic differences in se-
quence, the catalytic domains of prokaryote-
and eukaryote/archae-like ProRSs are shown
in dark and light gray, respectively. In this and
other figures, the class II motifs 1, 2, and 3 are
green, cyan, and red, respectively. The class
IIa anticodon-binding domain is blue. The eu-
karyote/archae-type-specific C-terminal do-
main is yellow. The editing domain (orange)
is inserted between motifs 2 and 3 in many
bacterial ProRSs, but it is an N-terminal ex-
tension in yeast (e.g.,S. cerevisaie,S. pombe)
and parasites (e.g., P. falciparum, C. parvum,
T. brucei). The a-proteobacteria/organelles-
specific truncated insertion domain is ma-
genta. The GluRS part of the higher-eukary-
ote bifunctional Glu-ProRS is shaded violet.
(B–D) Equivalent colors are used for the rib-
bon representation of ProRS monomers
(left) and dimers (right) of (B) R. palustris, (C)
E. faecalis, and (D) T. thermophilus (the zinc
atom of PrsTt is green).
The figure was drawn with PyMOL (DeLano,
2002).classification, as at least five distinct architectures of
ProRSs can now be distinguished (Figure 1A). First,
the INS domain is not exclusively eubacterial; it is also
found at the N terminus of the eukaryotic/archae-like
ProRSs of yeasts and single-celled parasites (also see
Figure S1 in the Supplemental Data available with this
article online). Second, the INS domain is absent from
certain prokaryote-like ProRSs, such as those of a-pro-
teobacteria and eukaryotic organelles. In addition, iso-
lated paralogs of the ProRS INS domain, designated
YbaK and ProX, exist in the genomes of almost all organ-
isms sequenced (Ahel et al., 2003; Zhang et al., 2000).
ProRS has been shown to significantly misactivate
and mischarge alanine (Beuning and Musier-Forsyth,
2000) and cysteine (Ahel et al., 2002; Ambrogelly et al.,
2002; Beuning and Musier-Forsyth, 2001; Kamtekar
et al., 2003). Furthermore, the large INS domain ofE. coliProRS plays a critical role in the hydrolysis of mis-
charged Ala-tRNAPro, but not Cys-tRNAPro (Wong et al.,
2002). The fact that many eukaryote/archae-like and
prokaryote-like ProRSs do not possess an INS domain
suggests that either editing activity is not required in
these organisms or other means of deacylating mis-
charged tRNAPro exist. Indeed, it has been shown that
the paralogs ProX and YbaK are able to preferentially
deacylate in trans Ala-tRNAPro (Ahel et al., 2003; Ruan
and Soll, 2005; Wong et al., 2003) and Cys-tRNAPro (An
and Musier-Forsyth, 2004; Ruan and Soll, 2005), respec-
tively. Furthermore, the mode of action of YbaK may de-
pend on the formation of a transient synthetase:YbaK:
aminoacyl-tRNA ternary complex (An and Musier-For-
syth, 2005).
To understand the complex evolution of the ProRS
system and, in particular, the mechanism of posttransfer
Structure of Bacterial Prolyl-tRNA Synthetases
1513Table 1. Data Collection Statistics
Native
PrsRp
SeMet PrsRp
Absorption
Peak
SeMet PrsRp
Inflection
Point
PrsRp:
ProAMS
PrsRp:
CysAMS
PrsRp:
ATP:Mg
PrsEf:ATP:
Mn:Prolinol
PrsEf:
ProAMS
X-ray source ID14eh1 ID29 ID29 ID14eh3 ID14eh1 ID14eh1 ID14eh4 ID14eh4
Wavelength (A˚) 0.9340 0.97917 0.97927 0.9310 0.97935 0.934 1.072 0.939
Space group C2221 C2221 C2221 C2221 C2 C2221 P21 P41212
Cell dimensions (A˚)
a (A˚) 110.8 107.4 107.4 110.4 217.9 114.2 68.6 121.44
b (A˚) 212.6 211.6 211.6 211.9 107.5 211.2 92.7 121.44
c (A˚) 150.6 149.9 149.9 150.2 110.7 148.2 101.2 178.84
b () 90 90 90 90 120.43 90 106.10 90
Resolution
rangea (A˚)
20–2.0
(2.1–2.0)
50–3.5
(3.7–3.5)
50–3.5
(3.7–3.5)
30–2.8
(3.0–2.8)
50–2.85
(3–2.85)
20–2.4
(2.5–2.4)
30–2.3
(2.4–2.3)
30–2.3
(2.4–2.3)
Completenessa (%) 94.5 (82.7) 98.0 (99.9) 98.0 (99.8) 96.2 (91.6) 94.3 (92.7) 96.1 (98.8) 99.0 (98.6) 97.7 (82.5)
Rsym I
a,b (%) 7.5 (41.3) 8.8 (31.8) 7.2 (45.8) 7.7 (36.3) 10.0 (49.0) 8.5 (49.6) 10.2 (45.0) 8.4 (43.0)
Total reflectionsa 595,892
(32,275)
113,600
(12,780)
114,005
(12,656)
176,476
(37,057)
122,917
(12,325)
268,259
(29,662)
199,679
(23,173)
224,204
(14,090)
Unique
reflectionsa
120,017
(10,237)
21,525
(2,373)
4,083
(4,541)
43,155
(9,308)
48,780
(6,805)
67,428
(7,912)
54,112
(6,344)
58,612
(5,803)
I/sIa 15.4 (1.9) 10.7 (2.8) 8.6 (2.2) 13.1 (3.6) 6.8 (1.5) 11.7 (2.4) 6.44 (1.95) 11.2 (2.4)
Multiplicitya 5.0 (3.2) 5.3 (5.4) 2.8 (2.8) 4.1 (4.0) 2.5 (1.8) 4.0 (3.7) 3.7 (3.7) 3.8 (2.4)
a Values in parentheses are for the highest-resolution shell.
b Rsym (I) = (
P
hkl
P
ij<Ihkl> 2 Ihkl,ij)/(
P
hkl
P
ijIhklj), where i is the number of reflection hkl.editing by the INS domain, we have determined crystal
structures of ProRSs from the pathogenic gram positive
bacterium Enterococcus faecalis (PrsEf) and the a-pro-
teobacterium Rhodopseudomonas palustris (PrsRp),
two prokaryote-like ProRSs with and without, respec-
tively, a cis-editing domain. We also report structures
of various complexes with ATP and cognate prolyl- and
noncognate cysteinyl-adenylate analogs. To our knowl-
edge, comparison with our previous work on the eukary-
ote/archae-like ProRS fromThermus thermophilusgives
new insights into the distinct structural and mechanistic
features of these two types of ProRSs, which could be
exploited for the design of bacterial-specific antibiotics.
We also compare the structure of the INS domain of
PrsEf with the known structures of ProX and YbaK and
draw conclusions about the evolutionary relatedness
and specificity of these homologous domains.
Results
Structure Determination
The structure ofR. palustrisProRS (PrsRp, 438 residues)
was initially solved at 3.5 A˚ resolution by using the MADmethod and a single crystal containing selenomethio-
nine-substituted enzyme. This was necessary, as the
homology with the known structure of the eukaryotic-
like T. thermophilus ProRS was too low for molecular
replacement to work. With the resulting phases, the
model was built and refined by using native crystal
data at 2 A˚ resolution to an R factor of 19.1% (Rfree =
22.1%). The PrsRp model permitted the structure of E.
faecalis ProRS (PrsEf, 572 residues) to be readily solved
by molecular replacement by using native data at 2.36 A˚
resolution in a crystal form with a dimer in the asymmet-
ric unit. The model of PrsEf has been refined to an R fac-
tor of 21.9% (Rfree = 28.2%). These two initial models
were subsequently used to solve the structures of vari-
ous small substrate complexes such as ATP and cog-
nate and noncognate aminoacyl-adenylate analogs by
molecular replacement (see Experimental Procedures
and Tables 1 and 2 for the crystallographic details).
Overview of the Structures
The subunit and dimeric structures of the two prokary-
ote-like ProRSs together with the known eukaryote/
archae-like ProRS structure from T. thermophilus areTable 2. Refinement Statistics
Native PrsRp PrsRp:ProAMS PrsRp:CysAMS PrsRp:ATP:Mg2+ PrsEf:ATP:Mn2+:prolinol PrsEf:ProAMS
R factor (%) 19.1 20.6 21.1 19.7 19.6 21.9
Rfree (%) 22.1 26.9 27.7 26.1 26.0 28.2
Bond length (A˚) 0.015 0.012 0.013 0.013 0.016 0.011
Bond angle () 1.416 1.419 1.531 1.566 1.694 1.352
Mean B factor 29.87 44.78 59.18 36.85 21.84 32.15
Total nonhydrogen atoms 11,093 10,683 10,672 10,865 9,248 9,328
Residues 1,323 1,321 1,325 1,323 1,112 1,135
Ligands — 2xProAMS 3xCysAMS 3xATP 2xATP, 2xprolinol 2xProAMS
Water molecules 623 76 80 279 364 203
Ions — — — 9 6 manganese 21 sulphate
Ramachandran
Favored 100% 100% 99.9% 100% 99.8% 99.6%
Additional disallowed — — Arg436 (A) — 2xAsp373 2xAsp373
Structure
1514shown in Figures 1B–1D. All structures present a com-
mon core comprising the N-terminal class II catalytic do-
main harboring the three conserved motifs linked by
a structured random coil to a class IIa anticodon-binding
domain. Multiple structural alignments with SSM (Krissi-
nel and Henrick, 2004) show that a core of 347 residues,
featuring 23 secondary-structure elements, can be
aligned. The corresponding Ca position root-mean-
square deviations (rmsds) (adenylate-bound structures)
and sequence identities (shown in parentheses) are
2.13 A˚ (19.9%) for PrsTt and PrsEf, 1.85 A˚ (23.6%) for
PrsTt and PrsRp, and 1.14 A˚ (46.1%) for PrsEf and PrsRp.
The corresponding sequence alignments and second-
ary-structure assignments are given in Figure 2A. Differ-
ent domains are added to this core according to the di-
vergences observed in the primary sequence and thus
giving rise to distinct overall architectures. PrsRp con-
tains a small inserted domain of 63 residues between
motifs 2 and 3 of the conserved active site (Figure 2A).
This module is composed of a small three-stranded an-
tiparallel b sheet, contiguous to the seven-stranded
b sheet of the catalytic domain, and four short helices
(Figure 2B). PrsEf contains a truncated version of this
domain, comprising the antiparallel b sheet onto which
the large INS domain is grafted (Figure 2C). In PrsTt,
there are also three b strands contiguous to the active
site b sheet that occupy the same three-dimensional po-
sition (Yaremchuk et al., 2000), but they belong to the
unique C-terminally appended domain characteristic
of eukaryote/archae-like ProRSs, and the strands are
in the antiparallel orientation. Despite this overall struc-
tural divergence between the eukaryote/archae- and
prokaryote-like ProRSs, one notable feature is function-
ally conserved. The carboxylate group of the absolutely
conserved final tyrosine of the C-terminal domain of eu-
karyote/archae-like ProRSs (Tyr477 of PrsTt) points di-
rectly into the active site and stabilizes the position of
basic residues interacting with the ATP pyrophosphate
(Yaremchuk et al., 2000). In the case of prokaryote-like
ProRSs, the carboxylate group of the strictly conserved
glutamate residue (Glu218 in both PrsRp and PrsEf) per-
fectly superimposes on that of PrsTt Tyr477 and plays
the same role (see ATP binding section below, Figure 3).
cis-Editing Domain of PrsEf
The most striking feature of PrsEf is the large INS do-
main (residues 237–390), which is linked by ordered ran-
dom coil to the minimal INS common with PrsRp (Fig-
ures 1C and 2C). This, in turn, is anchored to the
catalytic domain as described above. The INS domain
is composed of eight b strands in two mixed sheets sur-
rounded by five short peripheral a helices, forming
a compact globular structure with virtually no direct con-
tact with the rest of the enzyme (in some structures, the
side chain of Asn307 on helix a8 forms a single hydrogen
bond with Asp198). The fold of this domain is, as ex-
pected, similar to that of the H. influenzae YbaK protein,
whose crystal structure determination gave the first
structural insight into editing in the prolyl system (Zhang
et al., 2000). Lys279 in PrsEf (equivalent to Lys46 inH. in-
fluenzae Ybak, the absolutely conserved lysine residue
in this family of deacylases; see Discussion), required
for the hydrolysis of misacylated tRNAPro by prokary-
ote-like ProRSs (Wong et al., 2003), is in a shallow cavity,and its Ca atom is located 32 A˚ from adenylate a-phos-
phate in the catalytic domain active site. This configura-
tion of an independently folded editing domain poised
over the synthetic catalytic domain, with 30–40 A˚ be-
tween the two active sites, is highly reminiscent of the
other editing synthetases of known structure, either of
class 1a IleRS, ValRS, and LeuRS or of class IIa ThrRS
(Dock-Bregeon et al., 2000). However, the deacylase
fold common to the three class 1a enzymes is unrelated
to that of ThrRS, which is, again, quite distinct from that
of ProRSs. Indeed, eukaryotic and prokaryotic ThrRSs
have a distinct deacylase domain from that of many
archael ThrRSs (which resembles a D-amino acid de-
acylase [Dwivedi et al., 2005]), showing that, during evo-
lution, at least four structurally unrelated deacylase do-
mains have been coupled in cis to aaRSs. In the case of
the class 1a enzymes, significant rotation of the editing
domain is required during the editing mechanism, as
shown, for instance, in the cases of LeuRS (Fukunaga
and Yokoyama, 2005; Tukalo et al., 2005), IleRS (Silvian
et al., 1999), and ValRS (Fukai et al., 2000). The absence
of strong interaction between the INS domain of PrsEf
and the catalytic core suggests that the domain could
also be flexibly linked and could, hence, possibly rotate
during the posttransfer editing process. Indeed, small
variations in the orientation are observed in the various
structures.
Small-Substrate Recognition by Prokaryote-Type
ProRSs
Complete data sets were collected for cocrystals of both
PrsRp and PrsEf with different substrates, including ATP
and cognate and noncognate aminoacyl-adenylate ana-
logs (see Tables 1 and 2 for crystallographic data). In
each case, difference maps unambiguously revealed
the different ligands, allowing visualization in detail of
the molecular basis of substrate recognition by the
two prokaryote-like ProRSs and enabling comparison
to previously published work on eukaryote-like ProRSs
(Kamtekar et al., 2003; Yaremchuk et al., 2001).
ATP Complexes
The complex of PrsRp with Mg2+-ATP has been deter-
mined at 2.4 A˚ resolution, and that of PrsEf with Mn2+-
ATP and prolinol (a nonreactive analog of proline) has
been determined at 2.3 A˚ resolution (Table 1). These
structures give a detailed view of the conformation of
the preactivation enzyme-substrate complex in the
two types of prokaryotic ProRSs (Figures 3A and 3B)
and can be compared to the equivalent binary complex
of eukaryote-like PrsTt (Figure 3C). The structures of the
PrsRp and PrsEf ATP complexes are very similar. Both
show the ATP bound in the canonical class II bent
form and coordinated with three divalent cations (either
magnesium or manganese), as previously observed in
several other, but not all, class II systems. The adenine
ring is stacked between motif 2 Phe155 and the invariant
motif 3 arginine residue (Arg322 in PrsRp and Arg447 in
PrsEf). The ribose adopts a C30 endo conformation and
interacts with the main chains of the motif 2 b strand
and the fifth b strand and the side chain of the prokary-
ote-like conserved glutaminyl residue (Glu282 in PrsRp
and Glu407 in PrsEf). The principal divalent cation (M1)
is coordinated by the a- and b-phosphate and residues
Structure of Bacterial Prolyl-tRNA Synthetases
1515Figure 2. Sequence Alignments and Insertion Domain Topology of Prolyl-tRNA Synthetases
(A) Sequence alignment of the catalytic domain of representative ProRSs. The upper four sequences in each block are prokaryote-like ProRSs,
and the lower three sequences are eukaryote/archae-like enzymes. PrsRp, R. palustris (Q6N5P6); PrsEf, E. faecalis (Q831W7); PrsEC, E. coli
(Q8X8W2); PrsHsm, H. sapiens mitochondrial (Q7L3T8); PrsHs, H. sapiens (P07814); PrsMt, M. thermoautotrophicum (O26708); PrsTt, T. ther-
mophilus (Q72GF9). The secondary-structure elements correspond to the PrsRp (above) and PrsTt (below) structures. Conserved residues
are color coded as follows: universal, gray; prokaryote-specific, yellow; eukaryote/archae-specific, violet. Proline-binding loops are outlined
with a dark box. The editing domain of PrsEf and PrsEC has been omitted (see Figure S1).
(B) Topology of the truncated insertion domain of PrsRp.
(C) Topology of the inserted editing domain of PrsEf.
Structure
1516Figure 3. Interactions of ProRSs with ATP
(A–C) Active sites of (A)R. palustris, (B) E. faecalis, and (C) T. thermo-
philus ProRS with bound ATP (predominantly pink molecule),
showing hydrogen bonds with key interacting residues. The inser-
tion domains are in magenta (in [A] and [B]), and the eukaryote/
archae-type-specific C-terminal domain is in yellow (in [C]). Note
the functionally equivalent roles of Glu218 in PrsRp and PrsEf
with the conserved carboxy terminus (Tyr477) in PrsTt. In each
case, the proline-binding loop is in the open conformation.Gln285 (His410 in PrsEf) and Glu282 (Glu407) from the
same b strand. It is relatively unusual for Mg to be coor-
dinated by a histidine, but less so for Mn. The two other
divalent cations bridge either side of the b- and g-phos-
phates; one of them (M2) is also coordinated by Glu282
(Glu407 in PrsEf), and the other (M3) is coordinated by
water molecules positioned by Glu142 (Glu142 in PrsEf).
Glu209 and Asp219 position water molecules that com-
plete the M2 octahedral coordination shell. Arg322
(Arg447) and Arg151 (Arg151), the motif 3 arginine and
the arginine from the motif 2 loop, respectively, interact
with the g-phosphate, and Arg151 is positioned by
Glu142 and Glu218 (which is functionally equivalent to
the C-terminal carboxyl group of Tyr477 in PrsTt,
Figure 3C). Residues 199–206, which form the proline-
binding loop, are out of the active site, either disordered
or in an ordered open conformation in a similar configu-
ration in both ATP structures. The same open conforma-
tion of the loop is observed in the native unliganded
structure of PrsRp (there is no unliganded structure of
PrsEf). In the PrsEf-ATP complex, which also contains
prolinol (although only present in low occupancy),
Phe412 is flipped into the active site in one subunit of
the dimer, but not the other in the crystallographic asym-
metric unit. The corresponding residue, Phe287, is flip-
ped out of the active site in the native PrsRp and
PrsRp:Mg2+-ATP structures (see below).
Cognate and Noncognate Adenylate Analog
Complexes
Structures of complexes with 50-O-(N-[prolyl]-sulpha-
moyl) adenosine (ProAMS), a nonhydrolyzable analog
of the prolyl-adenylate, have been refined at 2.4 and
2.3 A˚ resolution for two crystal forms of PrsEf and at
2.8 A˚ resolution for PrsRp. For both enzymes, the analog
lies in a crevice delimited by motifs 2 and 3 and by the
contiguous fifth b strand of the conserved b sheet. Inter-
actions between both prokaryote-like ProRSs and
ProAMS are shown in Figures 4A and 4B and are com-
pared to the equivalent binary complex of eukaryote-
like PrsTt in Figure 4C. The negatively charged sulpha-
moyl group is fixed between the class II conserved
Arg140 on one side and either His410 in PrsEf or
Gln285 in PrsRp on the other side (Figures 4A and 4B). In-
terestingly there are no divalent cations in this complex,
and correspondingly, unlike in the ATP case, there are di-
rect hydrogen bond interactions between the sulfate and
the functionally equivalent His410 imidazol Nd1 of PrsEf
or the Gln285 amine function of PrsRp. Concerning the
prolyl moiety of the adenylate, the hydrophobic part of
the amino acid fills a cavity bordered by the methionyl,
the aspartic acyl, and the tyrosyl residues of the strictly
conserved prokaryote-like 157-MKDxYSF-163 motif
and the main chain of the 314-GSYG-317 motif (439-
GCYG-442 in PrsEf). The imino group is held by hydrogen
bonds to Thr109 and Glu111 of the class IIa conserved
TXE loop, and the proline carbonyl-oxygen interacts
with class II conserved Arg140. As discussed below,
binding of the adenylate analog to PrsEf and PrsRp is
accompanied by a conformational change and ordering
of the proline-binding loop, similar, but of greater magni-
tude, to that previously observed in PrsTt.
Most ProRSs, whether prokaryote- or eukaryote/arch-
ael-like, are unable to discriminate efficiently against
Structure of Bacterial Prolyl-tRNA Synthetases
1517cysteine (Ahel et al., 2002) and alanine (Beuning and Mu-
sier-Forsyth, 2001). The structure of the PrsRp:CysAMS
binary complex has been solved and refined at 2.85 A˚
resolution. CysAMS takes up very nearly the same con-
formation as ProAMS (Figure 5C), with the same induced
fit movement of the proline-binding loop. The cysteine
side chain partially occupies the volume available to
the proline ring without introducing any steric clash. Sim-
ilar observations have been made from structural studies
of the CysAMS and AlaAMS bound in the active site of the
eukaryote/archael-like Methanothermobacter thermau-
totrophicus ProRS (Kamtekar et al., 2003).
Discussion
Induced-Fit Substrate Recognition of Proline in
Prokaryote-like and Eukaryote/Archael-like ProRSs
Several class II aaRSs, notably prolyl- and histidyl-tRNA
synthetases, undergo induced-fit conformational
changes upon amino acid binding (Yaremchuk et al.,
Figure 4. Interactions of ProRSs with the Prolyl-Adenylate Analog,
ProAMS
(A–C) ProAMS (predominantly gray molecule) bound in the active
sites of (A) R. palustris, (B) E. faecalis, and (C) T. thermophilus
ProRS, showing key hydrogen bonds to the proline and sulfate moi-
eties. Class II synthetase conserved motifs 1, 2, and 3 are shown in
green, cyan, and red, respectively, and the TXE loop is shown in
gold. On the proline-binding loop (violet), which is in the closed con-
formation, hydrophobic residues Ile202, Met202, and Phe205 play
equivalent roles in PrsRp, PrsEf, and PrsTt, respectively.2001). In the case of the eukaryote-like PrsTt, it has
been previously described that tight proline binding is
achieved by the closing of the proline-binding loop
over the bound amino acid (Yaremchuk et al., 2001).
This is also true for both prokaryote-like ProRSs, al-
though in these cases the displacement of the loop is
of considerably larger magnitude (Figures 5A and 5B).
In the absence of bound ligand or in the presence of
ATP, the proline-binding loop of PrsRp and PrsEf, resi-
dues 199-xGxI/MGGxx-206, is either disordered or ob-
served in an open conformation position well removed
from the active site. In the presence of ProAMS, the
Figure 5. Conformational Changes Induced by Prolyl-Adenylate
Binding
(A and B) Conformational changes induced in (A) R. palustris and (B)
T. thermophilus ProRS active sites by the interaction with the prolyl-
adenylate analog. The ligand-free and -bound states are shown in
yellow and gray, respectively. In PrsRp (and PrsEf, not shown), there
is a large change in the proline-binding loop and a rotamer flip of
Phe287.
(C) Comparison of the conformations of ProAMS (predominantly
gray molecule) and CysAMS (predominantly green molecule) bound
in the R. palustris active site, after superposition of the Ca atoms of
the corresponding structures.
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with an average movement of 7.7 A˚ for the eight Ca
atoms comprising the loop. A conserved, medium-sized
hydrophobic residue, Ile202 in PrsRp and Met202 in
PrsEf, is closest to the proline and is analogous to the
absolutely conserved phenylalanine in the proline-bind-
ing loop of eukaryote-like ProRSs (Phe205 in PrsTt). In
prokaryote-like ProRSs, two highly conserved flanking
motifs, 174-YxxxxxAYxxxFxR-187 and 208-H/KEF-210,
firmly anchored the proline-binding loop in the catalytic
domain, thus allowing its large movement. In prokary-
ote-like PrsRS, loop closure necessitates a rotamer flip
of the conserved Phe287 (PrsRp)/Phe412 (PrsEf)
(Figure 5A). In PrsTt, the equivalent of this residue is
His230, which interacts with the proline carboxyl group
and does not change conformation. Instead, in PrsTt,
Phe236 flips the rotamer upon proline binding, whereas
the equivalent residue in prokaryote-like ProRSs, Tyr293
(PrsRp)/Tyr418 (PrsEf), is stably anchored by hydrogen
bonding to conserved Arg85 (Figures 5A and 5B). There
is a more significant difference in the induced-fit mech-
anism than these small differences: in eukaryote-like
PrsTt, segment 76–86 is disordered, except in the pres-
ence of the adenylate, where it takes a helical conforma-
tion (Yaremchuk et al., 2001), but the equivalent region
always forms an ordered helix in prokaryote-like PrsRS.
Despite the induced-fit mechanism of substrate
amino acid recognition, the proline-binding pocket of
all types of ProRSs is also able to accommodate cyste-
ine, sometimes with very similar affinity (Ahel et al.,
2002). In the case of PrsRp, using the same concen-
trated protein solution, it was easier to cocrystallize
the PrsRp:CysAMS complex (100 nM final of compound)
than the PrsRp:ProAMS one (500 nM of compound with
the active sites half occupied). Thus, the affinity seems
to be better for CysAMS than for ProAMS, paralleling
the KM values for the activation of cysteine and proline
of 0.17 mM and 0.28 mM, respectively, measured by py-
rophosphate exchange for PrsRp (Ahel et al., 2002). De-
spite this, the specificity of the activation reaction has
been shown to be in favor of the cognate amino acid,
with proline being activated 333 times better than cyste-
ine by PrsRp (Ahel et al., 2002). In the same study, it was
shown that the ratio of the initial overall rate of proline to
cysteine aminoacylation by PrsRp was about 460. The
equivalent specificity ratios for activation and aminoac-
ylation, respectively, are 369 and 660 for PrsEc. These
results suggest that subtle differences in the way the 30
end of the tRNA is bound in the presence of cognate or
noncognate amino acid may also enhance overall spec-
ificity, at least for some bacterial-type enzymes.
The ProRS-ProX-YbaK Family of Deacylase Domains
As discussed in the Introduction, the cis-editing domain
of bacterial ProRSs is homologous to the N-terminal ex-
tension of lower eukaryotic ProRSs as well as to the two
paralogs, YbaK and ProX, which can be distinguished
on the basis of sequence alignments (Figure S1).
YbaK-like proteins are thus far exclusively found in bac-
teria (including one example to date in an archaebacte-
rium, Aeropyrum pernix), yet there appears to be no
correlation with whether or not the organism has
a eukaryote-like ProRS (e.g., T. thermophilus, A. pernix),
a bacterial-like ProRS with an inserted editing domain(e.g., E. coli, E. faecalis), or a bacterial-like ProRS with-
out an editing domain (e.g., R. palustris). ProX-like
homologs on the other hand are found more broadly in
prokaryotes and eukaryotes, including plants and
mammals, but not so far in archae. Some organisms
such as E. coli and P. aeruginosa possess three homol-
ogous deacylases, YbaK, ProX, and the ProRS INS. Re-
cent results showed that YbaK and ProX proteins are
moderately general aminoacyl-tRNA deacylases with
preferences for certain amino acids, but not for tRNA.
Thus, Haemophilus influenzae and E. coli YbaK proteins
preferentially hydrolyze Cys-tRNAPro and Cys-tRNACys
(An and Musier-Forsyth, 2004, 2005; Ruan and Soll,
2005), but they also have weak deacylase activity (i.e.,
requiring high protein concentration) against Gly-
tRNAGly, Ala-tRNAAla, Ser-tRNASer, Pro-tRNAPro, and
Met-tRNAMet (in that order), whereas the ProX homologs
only deacylate Ala-tRNAPro, Ala-tRNAAla, and Gly-
tRNAPro (in that order of preference) (Ahel et al., 2003;
Ruan and Soll, 2005). The activity of ProX is most similar
to that of the cis-editing domain of ProRSs, which effi-
ciently deacylates Ala-tRNAPro, but neither Pro-tRNAPro
nor Cys-tRNAPro (Ahel et al., 2003; Beuning and Musier-
Forsyth, 2000).
Atomic structures of three YbaK and two ProX pro-
teins are known: Aeropyrum pernix Ape2540 YbaK
(PDB ID 1WDV; Dali-lite z-score, 18.0; 135 aligned resi-
dues; rmsd compared to PrsEf, 2.1 A˚), Thermus thermo-
philus YbaK (PDB ID 2CX5; 16.3; 136; 2.3 A˚), Haemophi-
lus influenzae YbaK (PDB ID 1DBX; 15.1; 133; 2.7 A˚),
Caulobacter crescentus ProX (PDB ID 1VJF; 12.0; 132;
3.0 A˚), and Agrobacterium tumefaciens Atu3699 ProX
(PDB ID 1VKI; 11.8; 128; 2.8 A˚). Representative struc-
tures and sequence alignments of these six domains
are shown in Figures 6A and 6C. Note that the N-terminal
extension of the domain in PrsEf wraps around the pro-
tein to emerge close to the C terminus (Figure 6A), allow-
ing the insertion of the domain into the body of the en-
zyme. Using SSM, a core of 116 residues can be
aligned in three dimensions (featuring eight secondary-
structure elements); pairwise rmsds and sequence iden-
tities are as shown in Figure 6B. More extensive struc-
ture-based sequence alignments (Figure S1) show
that, although clearly evolutionarily related, the four
classes of domain—bacterial ProRS insertion, ProX,
YbaK, and N-terminal extension of lower eukaryotic
ProRSs—have distinctive conserved motifs, and that
the only strictly conserved residue is the functionally im-
portant lysine, Lys279, in PrsEf (Figures 6C and 7). The
N-terminal extensions in the yeast ProRSs present
a number of significant deviations from consensus se-
quences that may indicate that they are nonfunctional
(Ahel et al., 2003).
Structural similarity (e.g., Dali z-score and rmsd) and
phylogenetic analysis (Figure S2) suggest that the bac-
terial ProRS insertion is most closely related to YbaK
proteins, whereas the N-terminally appended domain
found in lower eukaryote ProRSs is closer to ProX. How-
ever, this does not correlate with the apparent closer
functional similarity of ProX and the bacterial ProRS
INSs, which have a preference for deacylation of Ala-
tRNAPro and neither of which deacylate Cys-tRNAPro
as YbaK does. A closer examination of the three-dimen-
sional alignment suggests a possible rationale for this
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(A) Ribbon representation of the PrsEf insertion domain (red), T. thermophilus YbaK (cyan), and C. crescentus ProX (blue) superimposed to be in
the same orientation.
(B) Pairwise rmsd of Ca positions and sequence identity between the six known structures of members of the ProRS-ProX-YbaK family of de-
acylase domains.
(C) Structure-based sequence alignment of members of the ProRS-ProX-YbaK family of deacylase domains of known structure. PrsE.faecalis,
insertion domain of PrsEf (accession number Q831W7); YbaKH.influenzae (accession number P45202, PDB entry 1DBX); YbaKA.pernix
(Q9Y8U3, 1WDV); YbaKT.thermophilus (Q5SHN1, 2CX5); ProXA.tumefaciens (Q8U9M7, 1VKI); ProXC.crescentus (Q9ABV9, 1VJF). The second-
ary-structure elements correspond to the PrsEf insertion domain (top) and C. crescentus ProX (bottom).
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1520discrepancy. Both the bacterial ProRS INS and ProX
contain an absolutely conserved histidine, His366, in
PrsEf and His130 in C. crescentus ProX (Figure S1). Al-
though these residues do not correspond in the se-
quence alignment, their side chains almost exactly
Figure 7. Putative Deacylase Active Site
(A–C) Surface representation of the putative deacylase active site of
(A) the PrsEf insertion domain, (B) C. crescentus ProX protein, and
(C) T. thermophilus YbaK protein, showing key residues mentioned
in the text. Note the absolutely conserved lysine (Lys279, Lys45,
and Lys50, respectively) pointing away from the active site and the
conserved glycine (Gly331, Gly98 and Gly101, respectively) with its
carbonyl oxygen pointing into the active site. In PrsEf and ProX,
His366 and His130, respectively, are equivalently positioned.superpose in three dimensions, both emerging from
the floor of the putative editing active site, close to the
conserved lysine (Figure 7). The equivalent residue in
PrsEc (His369) has been mutated to an alanine or cyste-
ine with the result that deacylation activity, although re-
duced, notably loses specificity such that Pro-tRNAPro is
also deacylated (Wong et al., 2002). This suggests that
this histidine forms part of the amino acid specificity
pocket of the editing site and, in the case of ProX and
bacterial ProRS INS, restricts access to small amino
acids such as alanine. Equivalent mutations that modu-
late the amino acid specificity of the editing active site
are also known in the class I leucyl (Mursinna et al.,
2001) and isoleucyl systems (Hendrickson et al., 2002).
Unfortunately, we have not been able to observe any
electron density corresponding to either alanine or the
nonhydrolyzable analog of mischarged Ala-tRNAPro, 30-
(L-alanyl)amino-30-deoxyadenosine (Ala3AA or Ala-
A76) when these were cocrystallized with PrsEf. Thus,
the mode of binding to and mechanism of action of the
editing active site remain unknown. However, as previ-
ously pointed out (Zhang et al., 2000), it seems likely
that a functionally important element is Gly331 in PrsEf,
conserved in all homologous editing domains except
those of yeasts (Gly98 in C. crescentus ProX and
Gly101 in H. influenzae YbaK) and usually forming
a GXXXP motif (see alignments in Figure 6C and Fig-
ure S1). This glycine is at the apex of a tight turn, and
its carbonyl oxygen prominently points into the editing
active site (Figure 7). The PrsEf editing domain has a par-
ticularly closed active site, compared to the other known
structures of YbaK and ProX, due to the occurrence of
a second glycine loop containing the nonconserved
Gly261, whose Ca is separated by just 3.3 A˚ from that
of Gly361; these two glycine loops form a lid over the ac-
tive site (Figure 7). The conformation of the conserved
lysine (Lys279 in PrsEf) is of note. In the six known struc-
tures of the homologous editing domains, the lysine side
chain is in an extended conformation and points away
from other elements previously highlighted in the editing
active site (Figure 7). In PrsEf, a sulfate ion from the crys-
tallization medium is close to Lys279. This may indicate
that the role of this lysine is to position the 30 end of the
tRNA by binding to the phosphate of C75 or A76. How-
ever, a more direct role in catalysis is suggested by
the fact that a lysine-to-arginine mutation in H. influen-
zae YbaK abolishes activity (Musier-Forsyth, personal
communication). For this reason, it is possible that the
N-terminal editing-like domain of the ProRS from the
bovine pathogen Theileria parva (accession number
EAN33410), in which an arginine replaces the conserved
lysine, is inactive. Indeed, it has been shown that the
yeast N-terminal editing-like domain is nonfunctional
(Ahel et al., 2003), probably due to the lack of several
otherwise highly conserved features, including the
GXXXP and HP motifs (see above), whereas the N-termi-
nal extension of Plasmodium falciparum ProRS does
have editing activity (Ahel et al., 2003).
Model for Posttransfer Editing Conformation
of PrsEf
To gain some insight into the mechanism of editing, we
have modeled the PrsEf-tRNAPro complex in the post-
transfer editing conformation (Figure 8A). This is based
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(A) Stereofigure of a hypothetical model of one subunit of PrsEf with bound tRNA in the aminoacylation configuration (red) and the posttransfer-
editing conformation (30 end in purple). The catalytic domain is green, the anticodon-binding domain is blue, and the editing domain is orange.
The conserved lysine in the editing domain is in CPK representation. The aminoacylation complex is based on unpublished data of the PrsRp-
tRNApro complex.
(B) Superposition of aminoacylation and posttransfer tRNA complexes of subunits of PrsEf (the catalytic domain is green, the anticodon-binding
domain is blue, the editing domain is orange, and tRNA is red) and ThrEc (the catalytic domain is dark green, the anticodon-binding domain is
light blue, the editing domain is yellow, and tRNA is pink). The modeled 30 end of the tRNA entering the editing site is purple in each case. The
ThrEc complex in the aminoacylation conformation is a crystal structure (PDB entry 1QF6), while all other complexes are modeled. Lysine 279 is
shown in the PrsEf editing domain, and SerA76 (posttransfer-editing substrate analog) is shown in the ThrEc editing domain (larger molecule to
right, position taken from PDB entry 1TKY) in CPK representation.on the crystal structure of the PrsRp-tRNAPro complex
that we have determined in the aminoacylation confor-
mation (data not shown). In Figure 8B, we compare the
results with the equivalent exercise of modeling the
posttransfer editing conformation of ThrEc-tRNAThr
(Dock-Bregeon et al., 2004). In both cases, an eventual
rotation of the editing domain is not accounted for. As
in the case of ThrEc-tRNAThr, a smooth change in direc-
tion of the four single-stranded nucleotides 73-CCCA is
sufficient to bring the 30 end of the tRNAPro into the PrsEf
editing site. Although the orientation of the AlaA76 is as
yet unknown in the editing site, it is possible to model
a plausible conformation in which the conserved lysine
is adjacent to the phosphate of A76 and the noncognate
charged alanine enters the active site cleft with the side
chain approaching His366 (see above), in such a waythat a larger side chain, such as cysteine, would not
bind. Interestingly, in comparing the overall arrange-
ment between PrsEf-tRNAPro and ThrEc-tRNAThr, it is
apparent that the PrsEf- and ThrEc editing domains ap-
proach the 30 end of the tRNA from opposite sides
(Figure 8B), with little steric overlap, reminiscent of the
different orientations of the editing domains of LeuRSTt
and ValRSTt (compare Figure 4A in Tukalo et al. [2005]).
Conclusions
The ProRSs are intriguing and unique among synthe-
tases due to their particularly diverse architectures,
notably the variable presence of a cis-editing domain
(Figure 1A). Here, we compared the structure and small-
substrate-binding site of two bacterial-type ProRSs,
with and without an editing domain, with the previously
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ProRSs. These results show that whereas there are sig-
nificant systematic differences between the two types of
ProRSs, even including the amino acids interacting with
the substrates (which could be exploited for design of
specific antibiotics), other features such as the in-
duced-fit mechanism of proline recognition and the
presence of an additional carboxyl group in the pyro-
phosphate binding site are conserved. Previous results
as well as our own show that there is no structural hin-
drance to the binding of noncognate alanine and cyste-
ine, which have smaller or equivalent volumes to proline,
in the proline-binding site. This intrinsic lack of discrim-
ination can give rise to significant and unacceptable
levels of mischarged Ala-tRNAPro and Cys-tRNAPro, to
an extent dependent on the particular source of the
ProRS, but not strongly correlated with ProRS type
(Ahel et al., 2002). Some bacterial and unicellular eukary-
otic ProRSs have YbaK-like cis-editing domains that can
specifically hydrolyze Ala-tRNAPro but are inactive
against Cys-tRNAPro. A possible rationale for this, as
pointed out previously (Ahel et al., 2002), is that a classi-
cal second sieve editing mechanism to discriminate
against the smaller alanine is easier to implement than
one to discriminate similarly sized cysteine from proline.
It thus seems that in organisms in which the relative
levels of free amino acids lead to unacceptable mis-
charging by ProRS, elimination of Cys-tRNAPro and
Ala-tRNAPro (in cases in which there is no cis-editing do-
main) has been left to ‘‘third’’ parties such as the YbaK
and ProX, present in most organisms (Ahel et al., 2003;
An and Musier-Forsyth, 2004). This mechanism has the
potential disadvantage that it is not necessarily tRNAPro
specific, since, for instance, YbaK alone lacks specific
tRNA recognition capabilities and in vitro hydrolyzes
both Cys-tRNAPro and Cys-tRNACys (An and Musier-For-
syth, 2005; Ruan and Soll, 2005). Upon overexpression,
YbaK can be observed to regulate the level of tRNAs
charged with cysteine in vivo (Ruan and Soll, 2005).
However, in vitro results show that, whereas in the pres-
ence of ProRS, Cys-tRNAPro is indeed efficiently hydro-
lyzed by Ybak, in the presence of CysRS, synthesis of
cognate Cys-tRNACys is, if anything, enhanced by the
presence of Ybak (An and Musier-Forsyth, 2005). Effi-
cient hydrolysis of Cys-tRNAPro probably occurs
through the formation of a ternary Ybak:ProRS:cys-
tRNAPro complex (An and Musier-Forsyth, 2005), which
not only restores the tRNA specificity to the editing
mechanism (as it is guaranteed by the synthetase), but
strongly increases the likelihood of the mischarged spe-
cies being hydrolyzed rather than being taken up by
Ef-Tu and used in protein synthesis.
Finally, it is interesting to consider possible evolution-
ary scenarios that led to the current diversity of ProRS
architectures and distribution of YbaK-like proteins
(also see Ahel et al., 2002, 2003). The core elements (cat-
alytic- and anticodon-binding domains) of the archael-
and bacterial-type ProRSs presumably arose from
a common proline-specific ancestor, which earlier had
diverged from the other class IIa enzymes, notably
SerRS, ThrRS, and GlyRS. Both types of ProRSs then
probably acquired, for stability reasons, new structural
elements contiguous to the catalytic domain b sheet, ei-
ther as an additional C-terminal domain (archael-typeProRS) or as a minimal insertion into the catalytic do-
main (bacterial-type ProRS; i.e., the purple elements in
Figures 2A, 2B, and 3). Subsequently, to increase spec-
ificity, notably against alanine, ProRSs of both types
may have acquired a cis-editing domain, either as an
N-terminal extension (present day lower eukaryotes) or
as an additional insertion into the catalytic domain (as
in certain bacteria today) of the ancestral freestanding
YbaK-like protein. Then, in certain organisms, perhaps
those with favorable proline amino acid levels relative
to alanine and cysteine or those in which the intrinsic
ProRS specificity became sufficient, the cis-editing do-
main became first defunct (as in current-day yeasts) or
was totally lost (as in certain bacteria and eukaryotic or-
ganelles). In these organisms, either deacylation of mis-
charged tRNAPro is not necessary (as levels are not life
threatening), or it is achieved by the scavanger deacy-
lases ProX and YbaK. However the possibility that ac-
quisition of the cis-editing domain was a later event, re-
stricted to lower eukaryotes and to certain bacterial
lineages and neither archae nor metozoan ProRS, which
had become fused with GluRS, cannot be excluded. Fi-
nally, it is interesting to recall that YbaK proteins, which
preferentially deacylate Cys-tRNAPro, are widespread in
bacteria, exceptional in archae (only Aeropyrum pernix
to date), and nonexistent in eukaryotes. Similarly, ProX
is absent from archae. Thus, there may still be as yet un-
identified proteins that can deacylate Cys-tRNAPro in
archae and eukaryotes and Ala-tRNAPro in archae.
Experimental Procedures
Expression and Purification
R. palustris ProRS (PrsRp) was expressed in E. coli strain BL21-Co-
donPlus-RIL (Stratagene) from the pET15b expression vector (Invi-
trogen) as an uncleavable His-tag fusion protein. After a 7 hr induc-
tion at 23C with 1 mM isopropyl thiogalactopyronose (IPTG), the
cells were harvested, resuspended in 20 mM Tris$HCl (pH 8.0), 100
mM NaCl, 5 mM MgCl2, 2 mM 2-mercaptoethanol, and sonicated. Af-
ter centrifugation, the supernatant was complemented with imidazol
to reach 15 mM and loaded on a nickel affinity column. The Ni-NTA
resin was washed with a 20 mM Tris$HCl (pH 8.0), 1 M NaCl, 15 mM
imidazol, 5 mM MgCl2, 2 mM 2-mercaptoethanol buffer. The purified
protein was then eluted with a 20 mM Tris$HCl (pH 8.0), 100 mM
NaCl, 250 mM imidazol, 5 mM MgCl2, 5 mM 2-mercaptoethanol
buffer and dialyzed against the same buffer without imidazol. The
native protein was finally concentrated to obtain a 10 mg$ml21 pro-
tein solution.
SeMet-substituted PrsRp was produced in a defined medium
containing seleno-methionine as described (Van Duyne et al.,
1993). Protein purification was initiated with the protocol described
above. After dialysis, the SeMet PrsRp was loaded on a 1 ml MonoQ
column (Amersham Biosciences). The protein was eluted with a lin-
ear gradient of 0.1–0.6 M NaCl (1 ml$min21; 0.6 M$hr21) in a 20 mM
Tris$HCl (pH 8.0), 5 mM MgCl2, 2 mM 2-mercaptoethanol buffer.
The SeMet ProRS was finally dialyzed against a 20 mM Tris$HCl
(pH 8.0), 100 mM NaCl, 5 mM MgCl2, 5 mM 2-mercaptoethanol buffer
and concentrated.
The E. faecalis ProRS (PrsEf) gene was cloned into pQE-60 plas-
mid (QIAGEN). E. coli M15 strain transformed with the correspond-
ing plasmid was grown at 37C in LB in the presence of 140 mg$ml21
ampicillin and 35 mg$ml21 kanamycin. At an OD600 of 1.5, the expres-
sion was induced with 1 mM IPTG, and the culture was incubated for
an additional 4 hr. Cells were then harvested, resuspended in 20 mM
Tris$HCl (pH 8.0), 1 mM EDTA, 5 mM DTT (buffer A), and disrupted by
sonication. After centrifugation, the PrsEf-containing protein frac-
tion was selectively precipitated with saturated (NH4)2SO4 (from
40% to 80%), and after intensive dialysis against buffer A, it was
loaded on a Q-Sepharose-FF column equilibrated with the same
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The active fractions were dialyzed and loaded on a MonoQ20 col-
umn equilibrated with 20 mM HEPES (pH 7.5), 5 mM MgCl2, 0.5
mM EDTA, 5 mM DTT. The protein was eluted with a gradient of
20–600 mM NaCl. Fractions containing PrsEf were concentrated to
10 mg$ml21. The buffer was changed to 10 mM HEPES (pH 7.0),
5 mM DTT before the protein was stored at 280C.
Crystallization
Hanging-drop vapor diffusion experiments were carried out at 20C.
Native and SeMet-labeled PrsRp crystals were obtained by mixing
protein solution at 5 mg$ml21 with an equal volume of the optimized
solution containing 0.1 M citric acid (pH 5.5), 15%–17% PEG 3000.
Crystals were frozen in liquid nitrogen after transfer for a few sec-
onds in 0.1 M citric acid (pH 5.5), 15%–17% PEG 3000, 20% ethylene
glycol. For PrsRp:adenylate analog complex cocrystals, the enzyme
was mixed first with 500 nM ProAMS or 100 nM CysAMS, and then
with an equal volume of a solution containing 0.1 M citric acid (pH
5.5), 10%–11% PEG 3000, 15%–20% ethylene glycol. The drops
were equilibrated for about 21 hr and streak seeded from crushed
native crystals with a cat’s whisker. Crystals were frozen in liquid ni-
trogen after transfer for a few seconds in mother liquor containing
20% ethylene glycol. ProAMS and CysAMS were purchased from
RNA-TEC NV (Leuven, Belgium).
Monoclinic crystals of PrsEf were obtained by mixing 5 ml of the
protein at 3 mg/ml in 10 mM MES (pH 6.5), 2 mM DTT, 6 mM
MgCl2, and 500 mM prolyl-adenylate analog (or 5 mM prolinol and
2 mM ATP) with 5 ml of the reservoir solution containing 20% PEG
6K, 1 M LiCl, 100 mM MES (pH 6.5). They were of space group
P21, had cell dimensions of a = 70.5 A˚, b = 101.4 A˚, c = 104.2 A˚,
b = 106.1 (cocrystallized with pro-AMS, data not shown) or a =
68.6 A˚, b = 92.7 A˚, c = 101.2 A˚, b = 106.1 (cocrystallized with ATP,
Mn2+, and prolinol), and diffracted to 2.3 A˚ resolution. Tetragonal
crystals (space group P41212) of PrsEf grew in 52% ammonium sul-
fate, only in the presence of the prolyl-adenylate analog. Frozen te-
tragonal crystals were found to have variable cell dimensions, e.g.,
a = b = 121.4 A˚, c = 178.8 A˚ (best diffraction at 2.3 A˚ resolution, as
described here), a = b = 122.1 A˚, c = 183.2 A˚ (diffraction to 2.9 A˚ res-
olution), and a = b = 128.1 A˚, c = 180.7 A˚ (mercury- or platinum-
soaked crystals). This hindered structure determination by MIR
methods. Crystals were flash cooled in the nitrogen stream after
transfer for a few seconds in mother liquor containing 22% glycerol
(monoclinic crystals) or 80% lithium sulfate (tetragonal crystals).
Structure Determination and Refinement
The structure of PrsRp was solved by a two-wavelength (inflection
point and peak of the Se K-edge) SeMet MAD experiment with crys-
tals diffracting to 3.5 A˚ resolution. Data were processed by using
XDS (Kabsch, 1993). Selenium sites (30 of 36, for 3 monomers in
the asymmetric unit) were identified with SHELXD (Uson and Shel-
drick, 1999), refined with SHARP (de la Fortelle and Bricogne,
1997), and used for phasing in SOLVE (Terwilliger et al., 1987). A trun-
cated T. thermophilusProRS model was used to guide building of an
initial structure. Phases were then extended to an isomorphous na-
tive data set at 2 A˚ resolution, allowing most of the model to be au-
tomatically built by using ARP-wARP (Perrakis et al., 1999). The
model was completed in O (Jones et al., 1991) and refined (Rfree =
20.1; R factor = 16.9) with CNS (Brunger et al., 1998) and then RE-
FMAC5 with TLS refinement (Murshudov, 1997). The crystallo-
graphic asymmetric unit contains 3 molecules (1 dimer plus 1 mono-
mer); each subunit comprised 441 residues (438 for the enzyme and
3 additional residues from the uncleaved N-terminal His-tag).
PrsRp:ProAMS diffraction data were isomorphous to the native en-
zyme data (space group C2221), whereas PrsRp:CysAMS crystals
belonged to space group C2. The structure was solved by molecular
replacement with MOLREP (Vagin and Teplyakov, 2000), followed by
model building and refinement.
The tetragonal crystal form of PrsEf was solved by molecular re-
placement with the PrsRp structure. Building of the extra editing do-
main was assisted by running RESOLVE by using the 2-fold noncrys-
tallographic symmetry and automatic sequence fitting. P21
structures were determined by molecular replacement, followed
by refinement. All PrsEf structures contain a dimer in the asymmetric
unit. In most structures, residues 12–18 are poorly ordered, andelectron density for the extreme C-terminal residues 566–572
(571–572 in one subunit) is absent. Residues 199–205 of the pro-
line-binding loop are either in an ordered closed conformation
(structure with ProAMS), ordered open conformation (subunit B of
ATP, Mn2+, and prolinol complex), or disordered (subunit A of ATP,
Mn2+, and prolinol complex).
Datacollectionandrefinementstatistics aresummarized inTable 1.
Supplemental Data
Supplemental Data include two figures and are available at http://
www.structure.org/cgi/content/full/14/10/1511/DC1/.
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